Highly efficient solar absorption is very promising for many practical applications, such as power generation, desalination, wastewater treatment and steam generation. Nevertheless, so far, near-ideal solar thermal energy conversion is still difficult to achieve, which requires a near-perfect absorption from the UV to the near-infrared region and meanwhile a mid-and-far infrared absorption close to zero. Here, by employing FEM and FDTD methods respectively, a nearly omnidirectional ultra-broadband efficient selective solar absorber based on a nanoporous hyperbolic metamaterial (HMM) structure is proposed and numerically demonstrated, which can achieve an extremely high average absorption efficiency above 98.9% within the range of 260-1580 nm. More significantly, in the respect of physical mechanism, the near-perfect solar absorption of this multilayered nanostructures is primarily due to the excitation of magnetic and electric resonances resulting from localized surface plasmon resonance at metal/dielectric interfaces, working completely different from those previously reported tapered multilayered absorbers associated with the slow-light effect. Besides, for retaining heat, a low emissivity is realized in midinfrared region, causing a near-ideal total solar-thermal conversion efficiency up to 90.32% at 373.15 K (h ideal ¼ 95.6%), which is particularly useful in solar steam generation. Detailed studies are also performed for higher operating temperatures, which indicates efficient solar thermal conversions also can be well maintained by tuning geometric parameters at higher temperatures. Taking into consideration of the practical application, even with AE60 degrees angle of incidence, average absorptivity higher than 90% can be still obtained in the whole solar spectrum at both TE and TM polarization. The near-perfect absorption, wide angle, polarization independence, spectral selectivity and high tunability make this solar absorber promising for practical applications in solar energy harvesting.
Introduction
The sun is a promising, clean and abundant source of renewable energy, which can satisfy the world's energy demands and meanwhile it can effectively solve the problem of the environmental pollution coming from fossil fuels. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] As a commonly used and important approach to utilizing solar energy, solar thermal systems can convert solar radiation into heat, which can be directly applied in many practical applications, such as desalination, distillation and wastewater treatment and other industrial processes. [1] [2] [3] [4] [5] [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Besides, for thermophotovoltaic devices, the thermal energy also can be converted to electricity. 1, 4, [17] [18] [19] [20] [21] [22] [23] Owing to the utilization of nearly the whole solar spectrum, the thermophotovoltaic devices have recently been demonstrated to achieve higher solar-to-electrical conversion efficiency compared to photovoltaic cell alone. 1 In these applications of solar thermal systems, the solar absorbers, as a key component, have a great inuence on the performance of the whole system. In order to maximize the total photothermal conversion efficiency of solar absorbers, the spectrally selective absorption is very essential, which means that the solar absorber possesses an efficient solar absorption and simultaneously suppresses mid-infrared emission. 6 Therefore, the study of near-ideal solar absorbers is of fundamental importance for many promising applications, and the improvement in the performance of solar absorbers would greatly promote the solar-thermal industry. Unfortunately, the design of these solar absorbers with strong spectral selectivity, near-perfect solar absorption, angular independence and polarization independence are still difficult. explored for near-perfect absorption. The high absorption is mainly produced by the excitation of the localized surface plasmon resonances(LSPR) or delocalized surface plasmon resonances at the metal/dielectric interfaces. However, many metamaterial absorbers based on surface plasmon resonances (SPR) usually suffer from the disadvantage of narrow operating wave band, which greatly restricts their applications and developments in many particular applications such as solar energy harvesting. Yet recent demonstrations show that it can be harnessed using mechanisms such as multiple resonances, impedance matching, and slow-light modes to create broadband absorption. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Particularly, the metamaterial nanostructures by utilizing metal/dielectric stacks are the most widely used way to realize broadband high absorption at present, which are explained by slow light characteristics in the multi-layer metal/dielectric stack. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] These metal/dielectric multilayer structures are proposed as one kind of hyperbolic metamaterial (HMM). For example, Cui et al. numerically presented a broadband saw-toothed infrared absorber made of alternating layers of gold and germanium layers, which realize an absorption over 95% in the wavelength ranging from 3 to 5.5 mm; 25 Liang et al. numerically demonstrated a two-dimensional ultra-broadband pyramid absorber having a high absorption performance at the range of 1-14 mm, which is based on the metamaterial structure utilizing 15 gold/Ge pairs; 30 Lin et al. theoretically investigated a nano-cone array formed by alternating W and Ge thin lms, which can realize an average absorption approaching 98% in the wavelength range of 0.3-9 mm; 34 Obviously, while realizing broadband operating ranges in these studies, the poor selectivity of absorption spectra is a serious drawback of these tapered multilayered absorbers for solar energy harvesting. According to Kirchhoff's law, these absorbers also have high thermal radiation in mid-and-far infrared region, which will signicantly decrease their total solar-thermal energy conversion efficiency and hence greatly limit their further applications in solar thermal systems. Besides, these tapered structures are not benet for large-area fabrication. Recently, the another kind of ultra-broadband solar absorbers are proposed and fabricated by self-assembly of the metal nanoparticles into a 3D nanoporous template, which will facilitate the large-scale fabricating of nanostructures and devices. 5, 8, 35, 36 For example, Zhou et al. demonstrated an efficient solar absorber fabricated by the selfassembly of aluminium nanoparticles into a threedimensional porous membrane, which has a high absorption at the wavelengths range from 400 to 2500 nm. 5 Zhou et al. also proposed a plasmonic solar absorber achieving an average absorption up to 99% over the wavelengths from 400 nm to 10 mm, which is fabricated through self-assembly of Ag nanoparticles onto a nanoporous template. Obviously, these plasmonic absorbers also have poor selectivity of absorption spectrum, possessing very high emissivity in the mid-and-far infrared region where heat loss occurs. 8 To our knowledge, the reported selective solar absorption are mainly realized by these broadband absorbers based on the nanostructures constructed by arraying different nano-sized resonators in one plane to combine multiple plasmonic resonances. [38] [39] [40] [41] [42] [43] [44] [45] For example, Aydin et al. proposed and demonstrated a plasmonic absorber capable of selective high absorption over the visible spectrum(400-700 nm) owing to the symmetric arrangement of crossed trapezoid array geometry. 37 However, this absorber only can realize broadband high absorptions in the visible region and cannot satisfy the spectral requirements for solar energy absorption. The improvement of absorption is still required at the ultraviolet (250-400 nm) and the near-infrared (800-2000 nm) region, which is important for estimation of the overall efficiency of the solar absorber. Wan et al. investigated a patterned gold-carbon-gold structure to realize a metasurface absorber, which has a selective high absorption from 400 to 1200 nm. 38 Wang et al. proposed and experimentally demonstrated a highly efficient absorber consisting of titanium-MgF 2 -tungsten structure, which achieve a near-perfect absorption above 90% range from 400 nm to 2000 nm. 39 The selective solar absorber achieves a high absorption in visible and NIR region, and a low emissivity in the MIR bands. However, these two selective solar absorbers, reported by Wan et al. and Wang et al., both have a relatively low absorption (<90%) in UV region and the absorption drops signicantly below 90% at the middle of the high absorption band, where the absorption efficiency should be improved to achieve a near-ideal solar thermal energy conversion. The absorption of these selective solar absorbers also will deteriorate signicantly with the increasing the incident angles for TE polarized incident wave, which will greatly limit their further applications in practice. Note that, most of current selective solar absorbers also suffer from these three fundamental problems: (i) the low absorption efficiency in UV region; (ii) the absorption efficiency dropping at the middle of the high absorption band; (iii) angle-dependent absorption in TE polarization. 15, [38] [39] [40] [41] [42] [43] [44] [45] In addition, these patterned metamaterial nanostructures increase much complexity to the fabrication owing to the large number of different nano-sized resonators. Then, the larger area applications of these broadband absorber are also limited by the complexity of the structure and fabrication difficulties. Thus, similar to the conclusion in the ref. 6 , it is a meaningful but challenging work to achieve a wide-angle, polarization independent, ultra-broadband, nearperfect and selective absorption covering the whole solar spectrum using plasmonic metamaterials, especially based on a relatively simple structure.
In this work, we introduce and numerically demonstrate a polarization-insensitive, omnidirectional, ultra-broadband and efficient selective solar absorber over the entire solar spectrum, which is constructed with a nanoporous hyperbolic metamaterial (HMM) structure. The proposed solar absorber is optimized to achieve an average absorption above 98.9% from 260 to 1580 nm, which can obtain an extremely high solarthermal energy conversion efficiency above 90.32% close to that of the ideal cut-off solar absorber(h ideal ¼ 95.6%). Besides, we also nd that the absorption mechanism of this nanoporous HMM structure is different from that of the previously reported HMM absorbers associated with the slow-light effect. Magnetic and electric resonances can be formed within the nanoporous HMM structures, which lead to impedance matching to free space covering the whole solar spectrum, causing an ultra-broadband near-perfect absorption. There is no slow light effect, which can be observed in most of previously reported tapered HMM absorbers. Comparing with the tapered structures, the non-tapered structures are also benecial for largearea applications. Moreover, both nanopores and periodicity of the proposed solar absorbers are small enough such that the structure shows a strong reection in the mid-infrared region, which can minimize thermal radiation. It is noteworthy that, the spectrally selective absorption properties of the proposed structures also can be well controlled to obtain high total solar thermal conversion efficiency in different operating temperatures by tuning the number of W/SiO 2 layers or the size of nanopores, which indicates that the nanoporous HMM structures have good prospects for various applications in solar thermal systems. Thus, the proposed solar absorber can not only achieve the near-perfect absorption over the whole solar spectrum but also maintain high total solar-thermal conversion efficiency at various operating temperatures by tuning geometry parameters, which can benet a wide variety of applications in solar energy conversion.
Results and discussion
Here, we employ a nanoporous HMM structure to design the solar selective absorber, shown schematically in Fig. 1 . In this work, W and SiO 2 are chosen as the base materials of the solar absorber owing to their thermal stability at high temperatures. 28, 39 The nanopores of the structure are to reduce the effective refractive index of this absorber, which can achieve a better impedance match to free space. The rst SiO 2 layer coated onto the structure is operating as an antireective material, which is to further reduce the impedance mismatch. The periods of the structure are chosen as 50 nm for both the xdirection and the y-direction, which is to ensure that this solar absorber is a sub-wavelength nanostructure. In addition, the W have a high reection in infrared region, and hence the structure also will be a good reector at the infrared region, in which the incident wavelength is much larger than the period of the nanostructure. The thickness of the W substrate is much larger than the radiation penetration depth, which can eliminate all transmission of incident light. Therefore, we take transmission(T) as zero, and the frequency-dependent absorption of this structure can be indirectly given by A ¼ 1 À R, where A and R represent the absorption and reection, respectively. Then, considering the reliability and precision of the calculated results, the absorptivity spectrum of the designed absorber is numerically calculated by nite element method (FEM) and nite-difference time-domain(FDTD) method respectively. The FEM calculation is performed using the commercial soware COMSOL MULTIPHYSICS. In this simulation, the optical properties of W and SiO 2 are obtained from ref. 66 . The boundary conditions are set to be periodic in x and y direction, and a perfect matching layer boundary condition is applied in the z direction. If a plane wave is incident at the incidence angles, the Bloch boundary conditions are applied in both x and y directions. TM polarization is dened as the magnetic eld is parallel with x-direction, and TE polarization is dened as the electric eld parallel with x-direction. The optimum parameters of the proposed structure with 15 W/SiO 2 layers are as follows: the period(P ¼ 50 nm), the thickness of W layers (h w ¼ 10 nm), the thickness of SiO 2 layers (h ¼ 50 nm), the thickness of rst SiO 2 layer (h 1 ¼ 60 nm), and the width of nanopores (d ¼ 40 nm).
The absorption spectrum of the proposed structure is shown in Fig. 2(a) , which clearly shows a highly selective characteristic spanning from UV to infrared range. The same calculation results of absorption spectrum are obtained by using the FDTD and the FEM, respectively. According to the local enlarged drawing of the absorption spectra shown in Fig. 2(b) , the absorption is close to unity in the UV, visible and NIR region. The average absorption can reach as high as 98.95% over the wavelength range of 260 to 1580 nm, which signicantly exceed most of previously reported metamaterial solar absorbers both in the efficiency and bandwidth of solar absorption. 6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The proposed solar absorber are numerically demonstrated to possess a near perfect absorption in the UV region from 250 to 400 nm. At the same time, the mid-infrared absorption is decreased signicantly, which is remarkably benecial for the improvement of the total photothermal conversion efficiency.
As shown in Fig. 3a and b, the proposed structure can be divided into two individual parts: (i) the HMM waveguide arrays with electric eld along direction perpendicular to the W/SiO 2 waveguide, which is periodic in the x-direction and extends to innity in the y-direction; and(ii) the HMM waveguide arrays with electric eld along direction parallel to the W/SiO 2 waveguide, which is periodic in the y-direction and extends to innity in the x-direction. In most of previously published studies about the absorbers based on HMM waveguide arrays, the absorbers with electric eld along the direction perpendicular to metal/dielectric waveguide can achieve a high absorption over a wide spectral range, and the absorption performance of absorbers will be signicantly deteriorated for electric eld along direction parallel to metal/dielectric waveguide.
27-34 These features widely exist in previously reported HMM waveguide taper arrays or sawtooth anisotropic metamaterial absorber, and the high absorption in these previous works have already been interpreted with slow-light effect detailly. [27] [28] [29] [30] [31] [32] [33] [34] However, as shown in Fig. 3(c) , it is interesting to note that, the HMM waveguide arrays depicted in Fig. 3(b) possess an efficient and ultra-broadband solar absorption, and meanwhile the absorption performance of the HMM waveguide arrays depicted in Fig. 3(a) is obviously degraded, which shows an phenomenon being absolutely different from those in previously published studies about HMM waveguide array absorbers. Clearly, in this work, the HMM waveguide arrays, with electric eld along direction parallel to metal/dielectric waveguide, play a major role in the absorption enhancement of the original proposed absorber. Therefore, compared with the conventional tapered HMM (or sawtooth anisotropic metamaterial) absorbers, [27] [28] [29] [30] [31] [32] [33] [34] which is related to the slow-light effect, our nanoporous HMM structures may have a completely different absorption mechanism.
In order to elucidate the physical mechanism of this proposed solar absorber, we investigate distributions of the magnetic eld (|H y |) along plane a at seven different wavelengths for the TM polarized incident light, respectively. According to the magnetic eld distributions in Fig. 4 , it is found that the magnetic polaritons are excited at the metal/ dielectric interfaces. With increasing the wavelength of incident light, the magnetic resonances located in upper metal/ dielectric interfaces become weaker, but the magnetic resonances located in lower metal/dielectric interfaces are enhanced with increasing operating wavelength. Therefore, the absorption in shorter wavelengths is mainly caused by the magnetic resonances located in upper metal/dielectric interfaces, and the absorption in longer wavelengths mainly caused by the magnetic resonances located in lower metal/dielectric interfaces, 68 which have no relations with the slow-light effect. Clearly, the magnetic eld distributions of this designed absorber are signicantly different from those of these reported absorbers related to slow-light effect, 27-34 which agrees well with the analysis results of Fig. 3 . As shown in Fig. 5 , we also investigate the magnetic eld (|H y |) distributions along b plane at six different wavelengths. The magnetic eld is clearly located in the metal/dielectric interfaces of the multi-layer strip parallel to the direction of electric polarization, indicating that the efficient absorption of the proposed structure mainly caused by the multi-layer strip parallel to the direction of electric polarization, which is also in line with the calculated results in Fig. 3 .
Thus, the efficient solar absorption of our nanoporous HMM structures mainly caused by magnetic resonance, which have a completely different absorption mechanism to the conventional tapered HMM absorbers associated with the slow-light effect.
27-34
To further understand the physical mechanism of the metamaterial absorber, we also analyze the y-component electric eld (E y ) and the z-component electric eld (E z ) at the metal/ dielectric interface the plane b (we choose wavelength l 0 ¼ 250 nm as an example). As shown in Fig. 6 , the electric elds are strongly localized at the edges of the metal lm, which indicates the excitation of electric dipole resonances. 30 The electric dipolar resonances are due to localized surface plasmon resonance(LSPR) caused by the opposite charges accumulated at the edges of the metal lm. 30 Consequently, magnetic polaritons are formed, which cause strong magnetic resonance shown in Fig. 4 and 5. Therefore, these eld localizations indicate that the nanoporous metamaterial structures could support LSPR effects to conne and then absorb the incident light.
To better understand the nature of this efficient solar absorber, the absorption spectra of (i) the designed nanoporous metamaterials with various number of W/SiO 2 layer, and (ii) the designed metamaterial structure without nanopores are investigated, respectively. As shown in Fig. 7(a) , we give examples of tuning the absorption spectra by varying the numbers of W/SiO 2 pairs. Clearly, the number of W/SiO 2 pairs play important roles on the absorption spectrum. By stacking the W/SiO 2 layers, an ultra-broadband absorber with near-perfect absorption at the whole solar spectrum can be formed. It can be seen that these FDTD/FEM modelled results are in good agreement with the analyses of magnetic distributions in Fig. 4 , in which the efficient absorption at the shorter wavelength is caused by the magnetic resonance located in upper position and the W/SiO 2 layers in lower position is helpful for achieving a broadband near-perfect absorption at the longer wavelength. Then, considering the demands of industrial applications, for the ideal cut-off solar absorbers operating in relatively low temperatures, a larger values of l cut-off are required to achieve a high total solar thermal energy conversion efficiency. However, the ideal values of l cut-off should decrease gradually with an increase of the operating temperature for reducing the radiative heat loss, which is very important for the improvement of total solar thermal conversion. Thus, according to Fig. 7(a) , it is interesting to observe that the optical properties of the proposed absorbers can be easily controlled by changing the number of W/SiO 2 layers, which indicates that we can use the solar absorbers in different temperatures for various applications. Besides, from Fig. 7(b) , the structure with nanopores also can achieve a better absorption than the structure without nanopores. This can be understood by that the nanopores of the structure make the incident lights much easier to enter the solar absorber without being reected owing to impedance matching.
The common rule for achieving a wider absorption band is to broaden the operating band with the impedance matching between absorbers and air. In order to better understand the behaviours of the near-perfect and broadband absorption shown in Fig. 7 , we also give a detailed calculation based on the impedance matching method. To analyse the impedance matching condition, an effective medium theory is utilized. The relation between S parameters and impedance Z can be calculated by:
where S 21 , S 12 , S 11 and S 22 are S parameters, n is effective refractive index, k is wave vector, and d is the thickness of the nanostructure respectively. Hence, the impedance Z is nally given by:
The relationship between the effective impedance Z of the original structure with 15 W/SiO 2 layers and wavelength l is plotted in Fig. 8 . Then, the impedance of the free space is calculated by Z 0 ðuÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi mðuÞ=3ðuÞ p ¼ 1. Clearly, the real part of effective impedance is close to one at the wavelength range of 260-1580 nm, which is very consistent with the broad wavelength band with near-perfect absorption shown in Fig. 2(b) . Besides, as shown in Fig. 8 , the impedance curve of the designed nanostructure without W/SiO 2 layers as a function of wavelength l are depicted, and the impedance curve of the designed nanostructure with 1 W/SiO 2 layer as a function of wavelength l are also calculated, which is in line with the absorption spectra shown in Fig. 7, respectively. Owing to the random nature of solar radiation, the polarization insensitive performance of solar absorbers is important in practical applications. The absorption performance of the proposed solar absorbers with various polarization directions are calculated and depicted in Fig. 9(a) , which shows that the proposed solar absorber is polarization-insensitive owing to the four-fold rational symmetrical structure. Besides, the absorption performance of this structure is mainly determined by the following geometrical parameters: (i) side length of the nanopores d; (ii) thickness of antireective SiO 2 layer h 1 ; (iii) thickness of SiO 2 layer h. Then, to show the effect of geometrical dimensions on the absorption performance, we calculate the absorption spectra of the selective solar absorbers at various d, h 1 or h values, respectively. Other parameters of this absorber are xed. According to Fig. 9(b) , the solar absorber with a larger pore-sized porous can achieve a wider band of high absorption, which can be explained by that the relative low effective index and the small impedance mismatch of large pore-sized porous structures will enhance the absorption at longer wavelengths. On the contrary, when the size of the nanopores is much smaller than the wavelength of the light, the narrower absorption is mainly caused by the magnetic resonance in the rst W/ SiO 2 interface, because very little light can propagate into the designed structure. As shown in Fig. 9(c) , solar absorption increases slightly with an increase in the rst SiO 2 thickness.
Besides, the dependence of absorption performance on the h 1 was small when the rst SiO 2 layer is sufficiently thick, which is helpful for fabricating owing to the insensitivity to the lm Fig. 8 The impedance curve of the proposed metamaterial nanostructure with 15 W/SiO 2 layers (black curve). The impedance curve of the proposed metamaterial nanostructure with 1 W/SiO 2 layers (blue curve). The impedance curve of the proposed metamaterial nanostructure without W/SiO 2 layers (green curve). thickness. As shown in Fig. 9(d) , the increase of thickness can further enhance the absorption at the long wavelengths, which means the change of the cut-off absorption frequency of selective solar absorbers. Clearly, from the calculated results shown in Fig. 7(a) and 9(d) , the bandwidth and cut-off absorption frequency of absorbers can be nely tuned by the geometrical dimensions and pore size of nanoporous structures. This is important for many applications such as thermophotovoltaics.
One of major challenges in developing efficient light absorbers for solar energy applications is to nd an efficient solar absorption mechanism working covering broad spectral and angular domains. Then, as shown in Fig. 10 , we calculate the angular dependency of the absorption spectrum of the proposed solar absorber for both TE and TM congurations, respectively. Clearly, for the TM case, the properties of selective efficient solar absorption are nearly independent of incident angles, and for the case of TE polarization, the broadband absorption maintains almost did not change for the angles in the range of AE50
, which indicates the wide-angle absorption of the nanoporous structures. However, there is a slightly decrease in the absorption and bandwidth for the incident angle of 60 at TE polarization, because the magnetic resonances cannot be efficiently stimulated with the increasing of the incident angles. But, in this case, the high average solar absorption above 90% and the spectrally selectivity are still well maintained. Therefore, all these calculated results reveal that our proposed structure can produce a wide-angle polarization-insensitive and efficient selective solar absorption with wide angular response for both TE and TM congurations.
To quantify the performance to convert sunlight into heat, the total photothermal conversion efficiency of the proposed selective solar absorber can be dened by:
where H s ¼ 1000 W m À2 is the incident ux of solar irradiation taken from AM 1.5 data. 69 T is the temperatures of the solar absorbers, and T room is the room temperature, respectively. s is Stefan-Boltzmann constant. Clearly, the total photothermal conversion efficiency is determined by the total solar absorption (a total ) and the total thermal emittance (3 total ), which can be calculated by: 
where a l and 3 l are respectively the spectral normal absorption and emittance of the solar absorber. I AM 1.5 (l) is the spectral intensity of solar irradiation according to the AM 1.5 data.
69
I BB (l,T) is the blackbody spectral intensity at the solar absorber temperature T. It is worth noting that, the cut-off absorption frequency of the ideal solar absorber will vary depending upon the applications of solar thermal system, because different applications require different operating temperatures. For a solar absorber, the total photothermal conversion efficiency is also different at different operating temperatures, due to the change of 3 l caused by different spectral distribution of blackbody radiation. As shown in Table 1 , the total conversion efficiencies are calculated for the designed solar absorbers with different number of W/SiO 2 pairs under different working temperatures. The total conversion efficiencies of the ideal cutoff absorber with l cut-off ¼ 1.8 mm are also calculated for comparative analysis. Clearly, owing to the near-perfect absorption over the entire solar spectrum, the designed solar absorber with 15 W/SiO 2 pairs has a high h up to 90.32% at T ¼ 373.15 K, which is very close to the h (95.6%) of the ideal cut-off absorber. At the same time, the h of the 15 W/SiO 2 decrease signicantly in high operating temperatures, owing to the blue shi of blackbody radiation with increasing temperature. To obtain a higher h in high operating temperatures, we must reduce the emissivity of solar absorbers at the longer NIR region. Consequently, as shown in Table 1 , the solar absorber with 1 tungsten/silica layers can achieve a higher h than the original multi-layer structures at 1300 K, owing to the relatively low infrared emissivity in Fig. 7(a) . Therefore, the high h in different operation temperatures can be realized by changing the number of W/SiO 2 pairs of these nanoporous HMM structures, and hence the proposed solar absorbers have signicant exibility to control absorption properties by tailoring the structure parameters, which are promising for various applications in the domain of solar energy utilization. In this paper, we currently don't have the related conditions to validate the results by experimental measure, owing to limitations of funds. The concepts about simulated results can be proved by some empirical data with fabricated device in previous reported literature. For example, the metamaterial structures containing tungsten are experimentally demonstrated by Wang et al. to realize a spectrally selective absorption properties, 39 although the spectral selectivity are not ideal in this work; a broadband absorber based on a tapered, alternating metalÀdielectric multilayered structure was experimentally demonstrated by Zhou et al., 27 which indicates that the multilayered structure indeed is helpful for achieving a broadband near-perfect absorption. Besides, the nanopores in our proposed structure play a role similar to the tapered structure, which can decrease the effective refractive index of structure to reduce the impedance mismatching between absorber and air.
Conclusions
In conclusion, we employ a nanoporous hyperbolic metamaterial with multiple W/SiO 2 layers to design an efficient solar absorber, which can realize an average solar absorption as high as 98.9% in the wavelength range of 260-1580 nm. And meanwhile a low emissivity can be achieved in the mid-IR regime. Therefore, this structure can effectively convert solar energy into heat, while avoiding thermal radiation in the mid-IR regime, which lead to a superior total photothermal performance. The present work also clearly shows the difference of the absorption mechanism on this designed nanoporous HMM from those reported multi-layer nanostructures. Unlike the conventional tapered HMM (or sawtooth anisotropic metamaterial) absorbers, which is related to the slow-light effect, the design of solar absorbers in this work is quite helpful in the formation of impedance matching as well as magnetic resonance generated by LSPR, and thus can reduce the reection as well as greatly enhance the absorption of incident light over an ultra-broad spectral range. In additional, in terms of producing technology, the nontapered structure can be easier to fabricate. A detailed numerical study is also performed for various polarizations and incident angles, which indicate that this solar absorber is polarization and angle independent. Especially the average solar absorption above 90% is also maintained for incident angles up to 60 at both TM and TE polarizations. In addition, by changing the number of W/SiO 2 layers or the length of the side of nanopores, the l cut-off can be tuned to maximize the total photothermal conversion efficiency under different operating temperatures, which make the proposed absorbers very useful in a wide variety of practical applications. Due to the attractive properties such as near-unity absorption, broadband operation, wide angle, polarization-independence, spectral selectivity and high tunability, the proposed absorber displays widely promising applications in many elds of solar energy.
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